Abstract-The paper presents a novel spatial error concealment algorithm based on directional decision and intra prediction. Unlike previous approaches that simultaneously recover the pixels inside a missing macroblock (MB), we propose to recover them 4×4 block by 4×4 block. Each missing 16×16 MB in an intra frame is divided into 16 blocks each with size 4×4 first, then recovered block by block using Intra_4×4 prediction. The previously-recovered blocks can be used in the recovery process afterwards. The principle advantage of this approach is the improved capability of recovering MB with edges and the lower computational complexity. The proposed algorithm has been tested on the H.264/AVC reference software JM7.2. Experimental results demonstrate the advantage of the proposed method.
INTRODUCTION
Techniques for error control and error concealment must be employed when video communication on unreliable transmission environments such as wireless network and Internet. Error concealment by post-processing at the decoder is one of the important strategies for combating transmission errors in video communication. It can be applied in almost any application [1] . The latest international video coding standard, H.264/AVC provides a compression efficiency of 1.5 to 2 times over previous standards such as H.263+ and MPEG-4 Part 2 [2] [3]. The coding algorithm of H.264/AVC is based on the same block-based motion compensation and transform-based spatial coding framework as prior video coding standards. Therefore, we focus on the spatial domain block-based error concealment by post-processing in this paper.
Many spatial block-based error concealment algorithms have been proposed in literatures. The method of projectonto-convex-sets (POCS) estimates the edge information by spatial and spectral domain constraint-satisfying iterative process firstly. Then, directional filtering is used for recovery of the missing MB [4] . Since the iterative process required by POCS is computationally expensive and difficult to implement in hardware, the multi-directional interpolation (MDI) algorithm is proposed further. MDI performs pixel domain interpolation along eight possible edge directions and considers the cases of both single edge and multiple edges [5] . The spatial error concealment algorithm for intra frame in current H.264/AVC reference software is based on weighted pixel averaging. The weight used for averaging is simply the inverse distance between the source and destination pixels [6] . It utilizes the smoothness property only, while ignores edge continuity to recover the missing MBs, therefore, it can not restore MBs with edges efficiently.
In this paper we propose an error concealment approach, which can recover more detail in the missing MB when the surrounding pixels strongly suggest that one edge or multiple edges exists. Moreover, it is not computationally complex.
II. PROPOSED ALGORITHM
The missing 16×16 MB is recovered 4×4 block by 4×4 block in the proposed error concealment approach. The order of 16 blocks recovered in an MB is from the blocks with dependable available neighbours to the blocks without dependable available neighbours. There are mainly two steps to recover each 4×4 block. In the first step, the block is determined if it is a flat block or a block with one of the eight directional edges according to the estimation of surrounding available pixels. In the second step, the flat block is recovered using weighted pixel averaging and the block with 
A. Block Classification and Directional Decision
The absence or presence of edges and the most likely direction of the edge, if present, of each 4×4 block in the missing MB are obtained by the use of gradient measures to three layers of pixels of the available adjacent MB as shown in Fig. 1 . The local edge gradient components of the pixel x(i,j) in the second layer of the available adjacent MB is computed by:
which is equivalent to applying 3×3 Sobel operators:
to three layers of pixels in available adjacent MB as shown in Fig.1 .
The angular of gradient at coordinate (i, j) is:
The angular of gradient is computed for every pixel x(i, j) at the second layer of the neighbourhood surrounding the missing MB. And the angle θ is rounded to the nearest 22.5 degree. Therefore, there are 8 different directions between 0 and 180 degree as shown in Fig.2 . In order to determine if a 4×4 block is flat or with some direction of edge, eight counters
, are used. The initial value of k C is set zero. For every pixel x(i,j) and all pixels (we use y(u,v) to represent any one of these pixels) in the block to be recovered, if y(u,v) satisfy:
then k C plus 1/D, where D is given by:
If the largest counter value is below a certain threshold, there is no discernible edge and the block is classified to a flat block. Otherwise, the most likely direction of the edge in the block is the one with the largest counter value and the corresponding prediction mode of the block is determined by this direction. The value of threshold is different according to the number of available neighbor MBs.
B. Block Concealment
Each 4×4 block with edge in the missing MB is recovered by Intra_4×4 prediction which is similar to that used in H.264/AVC [2] . There are totally nine Intra_4×4 prediction modes in H.264/AVC. In addition to DC prediction mode, eight directional prediction modes correspond to the eight directions in Fig. 2 . In our proposed method, we use eight directional Intra_4×4 prediction modes to recover each 4×4 block with edge according to directional decision in the first step. Each flat block is recovered by using the method of weighted pixel averaging. The number of each block in the missing MB is shown in Fig.3 . Since the order of 16 blocks recovered in a MB is from blocks with dependable available neighbours to those without dependable available neighbours, the order of 16 blocks to be recovered will be changed according to the scenario of available neighbour MBs. For examples, if a missing MB has four available edge neighbour MBs, the order of 16 blocks to be recovered is 0, 5, 1, 4, 10, 15, 11, 14, 2, 7, 3, 6, 8, 13, 9, 12; if a missing MB only has up and right available edge neighbour MBs, the order of 16 blocks to be recovered is 5, 4, 1, 0, 7, 6, 3, 2, 13, 12, 9, 8, 15, 14, 11, 10. Furthermore, for each block from 0 to 15, the 16 pixels a, b, …, n, o, p should also be recovered by Intra_4×4 prediction from more reliable pixels X, A, B, C, …, G, H. In H.264/AVC, Intra_4×4 prediction is performed using pixels X, A, B, C, …, G, H, which locations are on the up and left side of the block to be recovered as shown in Fig.4 (a) . In order to use more reliable pixels X, A, B, C, …, G, H to recover the pixels a, b, …, n, o, p in a block, we use other three scenarios: up and right, left and down, right and down in Fig.4 (b) - (d) to get them. For example, if a missing MB has four available edge neighbour MBs, the pixels in block 0, 1, 2, 3 will be recovered using pixels X, A, B, C, …, G, H as shown in Fig.4 (a) ; the pixels in block 4, 5, 6, 7 will be recovered using pixels X, A, B, C, …, G, H as shown in Fig. 4 (b) ; the pixels in block 8, 9, 10, 11 will be recovered using pixels X, A, B, C, …, G, H as shown in Fig.4 (c) ; the pixels in block 12, 13, 14, 15 will be recovered using pixels X, A, B, C, …, G, H as shown in Fig. 4 (d) .
III. EXPERIMENTAL RESULTS
The proposed error concealment algorithm is implemented based on the H.264/AVC reference software JM7.2. Flexible macroblock ordering (FMO) is a new error resilient tool which is available in H.264/AVC baseline and extended profiles [7] . FMO allows assigning MBs to slices in an order other than the raster scan order. FMO is especially powerful in conjunction with post-processing error concealment when the samples of a missing slice are surrounded by many samples of correctly decoded slices. Therefore, we use FMO with two slice groups and three slice groups respectively in our simulations, and the FMO type is scattered slices [8] .
The proposed algorithm is tested on frame 0 and frame 10 of foreman QCIF sequence. For U and V frames of the color image, the size of MB is 8×8, therefore, there are 4 blocks in each MB. The reconstruction of each block in the missing 8×8 MB of U or V frame is same as that of Y frame.
In order to compare the proposed algorithm with the weighted pixel averaging (WPA) and multi-directional interpolation (MDI) methods, simulation results are also reported when using the two existed methods, which are also based on the H.264/AVC reference software JM7.2. Table I gives the comparison PSNR of Y frame of frame 0 and frame 10 for foreman sequence both in the cases of two slice groups and four slice groups. As can be seen, for foreman with more edges in the missing MBs, the proposed algorithm is able to obtain an average gain of 0.55 dB over MDI and 0.42 dB over WPA. Fig. 5 presents the visual quality of frame 0 of foreman image in the case of two slice groups: (a) is the original image, (b) is the recovered image without losses, (c) is the damaged image with lost MBs, (d) is the recovered image using our proposed algorithm, (e) is the recovered image using MDI, and (f) is the recovered image using WPA. Fig.  6 presents the visual quality of the first frame of foreman image in the case of four slice groups: (a) is the damaged image with lost MBs, (b) is the recovered image using our proposed algorithm, (c) is the recovered image using MDI, and (d) is the recovered image using WPA. As for visual quality, it can be seen that, besides providing a better PSNR, the proposed method also yields better subjective quality than MDI and WPA.
As for computational complexity, we compare the decoding speed of using different error concealment methods (see Table II ). The speed is evaluated on a 1.2GHz Pentium-4 PC. As can be seen, the proposed method has less computation complexity than MDI. 
IV. CONCLUSIONS
In this work, we proposed a new spatial error concealment algorithm. It is based on block classification and directional decision as well as Intra_4×4 prediction which is similar to that used in the latest international video coding standard H.264/AVC. The algorithm is capable of reconstructing the missing MBs with edges more efficiently than weighted pixel averaging method and multi-directional interpolation algorithm in the case of using FMO with two and four slice groups. In order to be used in real time system, the computational complexity is also an important factor for an error concealment algorithm. It has been shown that the proposed approach has appropriate computational complexity.
